ABSTRACT: After the nuclear disaster in Fukushima, radiation decontamination has become particularly urgent. To help identify radiation hotspots and ensure effective decontamination operation, we have developed a novel Compton camera based on Ce-doped Gd 3 Al 2 Ga 3 O 12 scintillators and multi-pixel photon counter (MPPC) arrays. Even though its sensitivity is several times better than that of other cameras being tested in Fukushima, we introduce a depth-of-interaction (DOI) method to further improve the angular resolution. For gamma rays, the DOI information, in addition to 2-D position, is obtained by measuring the pulse-height ratio of the MPPC arrays coupled to ends of the scintillator. We present the detailed performance and results of various field tests conducted in Fukushima with the prototype 2-D and DOI Compton cameras. Moreover, we demonstrate stereo measurement of gamma rays that enables measurement of not only direction but also approximate distance to radioactive hotspots.
Introduction
After the Japanese nuclear disaster in 2011, a large number of radioactive isotopes were released, and the residual radiation remains a serious problem in Fukushima. To identify radiation hotspots, various gamma cameras have been developed such as the Compton camera [1] . A Compton camera utilizes the kinematics of Compton scattering to construct a source image, does not require mechanical collimators or coded masks, and features a wide field of view (FOV). For example, the Si/CdTe Compton camera [2] , which is a key technology of the Soft Gamma-ray Detector for Japan's sixth X-ray astronomy mission (Astro-H) [3] , featured excellent angular resolution. However, the poor sensitivity of semiconductor devices to high-energy gamma rays, such as 137 Cs (662 keV) and 134 Cs (605 keV, 796 keV), requires a long data acquisition time to reconstruct an image. Alternatively, various semiconductor detectors have been utilized in Compton cameras [4] [5] [6] .
In this study, we significantly improve the detection efficiency using inorganic scintillators. In fact, several two-plane Compton cameras consisting of scintillating materials have already been proposed for medical imaging and security investigations [7, 8] . Despite the high detection efficiency, the resolution of scintillator-based Compton cameras tends to be lower than those based on semiconductor detectors due to the poor position and energy resolution of the scintillating detectors. We present a novel Compton camera [9, 10] that applies the method of 3-D position measurement in scintillator blocks, significantly improving the trade-off between efficiency and resolution. This study describes the conceptual design and basic performance of our Compton camera as well as the results of field tests conducted with the camera in Fukushima. 
Handheld Compton camera

Principle and concept of our Compton camera
The arrival direction of an incident gamma-ray is calculated using the position and energy information in two detectors: scatterer and absorber (figure 1). The scatterering angle is calculated from the measured information as follows:
where E 1 denotes the energy of the recoil electron and E 2 describes the energy of the scattered photon. The Compton camera resolution is usually presented by the distribution of the angular resolution measure (ARM), which is defined as follows:
where θ E is the scattering angle as calculated from the measured energy information [given by eq. (2.1)], and θ G is calculated from geometrical information obtained by gamma-ray interaction positions and the source position. The geometrical contribution to the angular resolution largely depends on the 3-D position resolution of the gamma interaction in both detectors, which is related to the thickness of the scintillator, and on the distance between the scatterer and absorber. With regard to efficiency, a small distance between the detectors and a thick scintillator are preferable, especially for the measurement of high-energy gamma rays, but these configurations can lead to a large fluctuation in θ G . Accordingly, by measuring the depth-of-interaction (DOI) information, the angular resolution can be improved at a close distance, thereby achieving good angular resolution and efficiency simultaneously. Figure 2 shows the variation of angular resolution calculated by Geant4 simulation as a function of distance for both the DOI and non-DOI configurations. The figure clearly shows the benefit of measuring DOI on the angular resolution [9] . 
Configuration of the Compton camera
Figure 3(a) shows the detector configuration and figure 3(b) shows the block diagram of our Compton camera system. The Compton camera is small in size (14 × 15 × 15 cm 3 ) and lightweight (1.9 kg) [9, 11] . The camera consists of a gamma-ray detection unit together with an optical fisheye camera, a signal processing unit, and a USB 3.0 interface for accumulating data on a personal computer. In the gamma-ray detection unit, we use Ce-doped Gd 3 Al 2 Ga 3 O 12 (Ce:GAGG) scintillators [12] and 8 × 8 large monolithic multi-pixel photon counter (MPPC) arrays [13] [14] [15] . Signals from these MPPC arrays are passed through a resistive charge-division network [11, 16] and are then fed into a signal-processing unit. The signal-processing unit consists of an application-specific integrated circuit (ASIC), analog-to-digital converter (ADC), programmable logic device (PLD), and a high-voltage power supply (HVPS). The ASIC includes a pulse-shaping amplifier, baseline restorer circuit, comparator circuit, and peak-hold circuit. The HVPS includes a temperaturecompensating function that can automatically adjust the bias voltage to ambient temperature around the MPPCs.
For this study, we fabricated two types of Compton cameras in conjunction with Hamamatsu Photonics K. K.: the 2-D mode (non-DOI) and 3-D mode (DOI) Compton cameras. Both the non-DOI and DOI Compton cameras consist of Ce:GAGG scintillator arrays; table 1 lists the detailed scintillator configuration. In the DOI Compton camera, the scatterer and absorber are divided into layers. Each layer of the scatterer is coupled to the MPPC array, and the signals are read out layerby-layer. In contrast, the absorber of the DOI Compton camera uses 3-D position-sensitive scintillators [17] . We can determine the DOI of incident gamma rays by measuring the pulse-height ratio of dual-sided MPPC arrays coupled to the ends of the absorber. An enhanced specular reflector (ESR) divides each pixel of the crystal block in the x-and y-direction, whereas a layer of air separates the crystals in the DOI direction or z-direction. The x, y and z (=DOI) interaction positions are calculated by applying the centroid method to the eight signals output via the resistor network. figure 5 shows the maximum-likelihood expectationmaximization (ML-EM) image of 137 Cs measurement. We measured a 10 MBq point source at a distance of 50 cm (∼ 5 µSv/h) with an acquisition time of 30 sec. The average energy resolution was 9% (FWHM) at 662 keV. The hotspot in figure 4(b) reflects back-scattering events, that is, events that are first scattered in the absorber and then absorbed in the scatterer. In reconstructing the gamma-ray distribution images, we select events using the following criteria to remove background and noise events such as back-scattering: 10 keV ≤ E scat ≤ 165 keV and 612 keV ≤ E tot ≤ 712 keV. Here, E scat and E tot denote the energy deposit in the scatterer and the total energy, which is the sum of energy deposits in both the scatterer and absorber, respectively. In the non-DOI camera configuration, we achieve an angular resolution of ∆θ ∼ 14 • (FWHM), which is calculated from the ARM distribution.
In our Compton camera, the simple back-projection (SBP) image and the ML-EM image are updated every second by integrating the accumulated data over an arbitrary time. We have confirmed that a typical acquisition time of 20 to 30 seconds is required to reconstruct images in an environment of about 5 µSv/h. Thus, we demonstrated that, due to high-efficiency, real-time imaging is possible. 
DOI Compton camera
Next, we evaluate the basic properties of the 3-D mode (DOI) Compton camera. Figure 6 shows the position response in a performance test for the 3-D position-sensitive scintillator of the Compton camera as measured for 662 keV gamma rays. Figure 6 (b) shows the pulse-height diagram collected at the scintillator block ends, which clearly distinguishes the crystal responses of each layer. From figure 6 , we can confirm that the gamma-ray interaction position in the scintillator block is determined three-dimensionally with an accuracy of 2 mm. The average energy resolution of the 3-D position-sensitive scintillator is 8.6% at 662 keV. Figure 8 shows an example of the ARM distribution for the non-DOI and DOI Compton cameras. The ARM distribution of DOI camera is clearly improved compared to that of non-DOI camera.
In fact, we have clearly resolved two sources that are separated by 10 • . Figure 9 shows the ML-EM images of two 137 Cs point sources obtained with the non-DOI and DOI Compton cameras. The two point sources cannot be separated in the non-DOI image but are clearly resolved in the DOI image. This result shows that the DOI camera significantly improves the angular resolution. Moreover, the efficiency of the DOI Compton camera was 1.5-2 times higher than that of the non-DOI camera due to the increased thickness of the detector and smaller distance between the scatterer and absorber. Figure 10 
Field tests in Fukushima
The non-DOI and DOI Compton cameras have been tested several times in Namie, Fukushima. Figure 11 (a) shows an example image acquired by the non-DOI Compton camera during field tests conducted in May 2013. The brightest hotspots (shown in red) in the image correspond to ∼ 50 µSv/h when measured with a survey meter at a distance of 1 cm. Figure 11 (b) shows an image collected by the DOI camera in July 2014. From figure 11 (b), we can confirm that the hotspot distribution spreads along the path and that the dose level of the bush adjacent to the forest path is higher than that of the path. The dose rate at the camera was ∼ 4 µSv/h, and the brightest hotspot corresponds to ∼ 10 µSv/h. Both figure 11(a) and 11(b) show SBP images with an acquisition time of 3 min. We confirmed that these images accurately reflected the position of hotspots. Figure 12 shows the 1-D energy spectrum calculated from energy deposits in the scatterer and absorber collected by the DOI camera during the image acquisition shown in figure 11(b) . Three photoelectric peaks clearly appear at 662 keV ( 137 Cs), 605 keV, and 796 keV ( 134 Cs). From this energy spectrum, we selected only the events corresponding to 137 Cs by setting an energy range: 612 keV ≤ E tot ≤ 712 keV and 10 keV ≤ E scat ≤ 165 keV. By changing the energy range, we can also acquire the 134 Cs distribution.
Through these field tests, we have confirmed that radiation hotspot images can typically be acquired in 5-10 min, even with background contamination of 5 µSv/h. 
Stereo application
While the Compton camera can provide useful gamma-ray images, uniquely identifying a radiation hotspot is sometimes difficult. For example, this situation could occur in a crowded forest ( figure 11(b) ) because we cannot easily determine whether the tree identified in the optical image is responsible for the hotspot or if a hidden tree causes the hotspot. To resolve such degeneracy, we can use the stereo measurement method to determine the 3-D source position from gamma-ray images taken from two or three different positions (or by multiple cameras) separated by up to 10 meters [18, 19] . Figure 13 (a) shows the concept of our 3-D measurement method. By correlating the distribution maps of the same source taken from several locations, we can determine the 3-D position of the source. Figures 13(b) and 13(c) show the simulated resultant images for a single source and for two sources placed up to 5 m apart, respectively. These images were calculated using three distribution maps taken at three different positions with the non-DOI Compton camera. In both the simulation and experiment, we confirmed that the 3-D position, namely the distance to a given hotspot, could be determined within an accuracy of 10−20%. 
Conclusion
In this study, we describe the concept and performance of a novel Compton camera using Ce:GAGG scintillator arrays coupled to MPPC arrays. By employing DOI-capable scintillator arrays, the angular resolution was improved to ∆θ ∼ 8 • (FWHM) at 662 keV from ∆θ ∼ 14 • (FWHM) for the non-DOI camera. The efficiency was also increased by a factor of 1.5-2 as compared to non-DOI due to the use of thicker scintillator arrays. Based on these studies, we conducted a number of field tests in Fukushima using both the non-DOI and DOI Compton cameras. We confirmed that radiation distribution images could typically be collected within a few minutes even under background contamination. Moreover, we also conducted stereo measurements using data from two or more positions, thus enabling 3-D measurements of the radiation distributions.
